This paper presents stuctural damage detection method based on changes in Transfer Function Estimate (TFE) for detecting damage, predicting its location and monitoring the growth in damage. This method assumes that the displacement or the acceleration response time histories at various locationsalong the structure both before and after damage are available for damage assessment These responses are used to estimate TFE. The change of TFE between the baseline state and the current state is then used to identify the location of possible damage in the structure. The method is applied to the experimental and numerical data obtained from a railway steel bridge that is no longer in service. Several damage scenarios were introduced to the main girder of the test structure. Results show the method can be used to detect the damage, determine the exact location and measure the growth in damage with very good accuracy. The use of piezoelectric actuators as a local excitation source for large structures such as steel bridges is also presented Experimental and numerical results show that the Proposed approach may be successfully implemented on-line to detect the damage and to locate regions where damage occurred
Introduction
There is a growing need for built-in monitoring systems for civil engineering infrastructures, due to problems such as increasing traffic loads and rising costs of maintenance and repair. In the past two decades, a significant amount of efforts have been directed towards the development of structural health monitoring (SHM) and nondestructive damage detection methods to manage civil structures more efficiently. Numerous papers are available in the technical literature related to non-destructive damage detection and evaluation, SHM, and instrumentation schemes. Significant efforts have also been focused on developing data collection procedures and damage detections schemes. The term SHM has gained wide acceptance in the past decade as a mean to monitor a structure and provide an early warning of an unsafe condition using real time data. The goal of SHM and other so called ' smart structures' technologies and concepts is to develop ' multifunctional' structures, i.e. structures which provide functionality in other areas besides the primary focus of carrying operational static, dynamic and fatigue loads, with the ultimate objective of providing an enhanced level of system performance. In addition to SHM, a broad range of smart technologies are under development at universities, sensor and actuator companies, and aerospace system manufactures. In recent years, there has also been a renewed interest in the damage diagnosis and health monitoring of existing highway bridges using vibration based damage identification techniques. Most vibration-based damage detection theories and practices are formulated based on the assumption that failure or deterioration would primarily affect the stiffness and therefore, affect the modal characteristics of the dynamic response of the structute1-5). If this kind of changes can be detected and classified, this measure can be further iniplemented for a bridge monitoring system to indicate the condition, or damage, or remaining capacity of the structures. It can also be used to evaluate the seismic behavior of the structures. However, conventionally defined modal parameters have been shown to be mildly sensitive in the detection of various types of bridge damages. Furthermore, the modal parameters of conventional modal testing such as frequencies and modal damping are global parameters, which cannot locate the damages6) Research efforts have been made to detect structural damage directly from dynamic response measurements in the time domain, e. g. the random decrement technique7), or from frequency response functions (FRF)8). Also, some damage detection methods have been proposed to detect damage using system identification techniques9,10). In this paper, an algorithm based on changes in TFE is presented The algorithm is used to detect damage, locate its position and monitor the increase in damage using only the measured data without the need for any modal identification or numerical models. The method is applied to the experimental and numerical data extracted from a railway steel bridge after inducing some defects to its members. The damage was introduced to the bridge through the release of some bolts from some stiffeners located on the web of the main girder of the bridge. A future goal of a comprehensive bridge management system is to have a self-monitoring bridge where sensors feed measured responses (accelerations, strains, etc.) into a local computer. This computer would, in turn, apply a damage identification algorithm to this data to determine if the bridge has significantly deteriorated to the point where user safety maybe jeopardized. The local computer could then contact a central monitoring facility (via cellular phone) to notify the appropriate maintenance or safety officials of the bridge's current condition. If such a monitoring system is to be practical, it will have to identify the dynamic properties of the structure from ambient, taffic-induced vibration or using another controlled excitation technique. The ambient vibration has the advantage of being inexpensive and convenient since no equipment is needed to excite the structure. The service needs not be interrupted to use this technique. One difficulty with determining dynamic parameters of a structure undergoing ambient vibrations is that the forcing function is not pre cisely characterized Modal testing has some weaknesses as well. One of these is the high level of noise, as compared to the signals. Another difficulty of using ambient vibration data to implement damage identification method presented in this study is to fmd two equal excitation forces (before and afier damage), as required in this method. In this paper, the implementation of piezoelectric actuators11-13) as a local excitation source for large structures such as steel bridges is presented The advantages of using piezoelectric actuators instead of shakers, hammers or ambient vibrations will be discussed in details in the following chapters.
Theoretical description
A novel method is proposed herein for detecting damage, identifying its location and monitoring the increase in damage using TFE. This method assumes that the displacement or the acceleration response time histories at various locations along the structure both before and after damage are available for damage assessmera. These responses are used to estimate TFE. The change of TFE between the baseline state and the current state is then used to identify the location of possible damage in the structure. The excitation forces used for the undamaged and damaged structure must have the same amplitude, location and wavefoim in order to ensure that the changes in TFE data are mainly due to damage. In order to overcome the problem of the limited number of identified modal parameters, TFE information estimated from the various accelerometer readings at all frequencies in the measurement range and not just the modal frequencies will be compared before and after damage using the proposed method. In order to identify the damage with more confidence, every measuring channel will be used once as a reference for other channels, which will create large sets of data. These sets of data can then be analyzed using statistical procedures to determine the damage location with more confidence, as will be explained in details in this section. Transfer functions are mathematical functions used to characterize the input-output relationships of linear systems, which can be described by the following relationship: (1) or or where H (f) is a transfer function, Y (f) is the finite Fourier transform (FFT) of the measurement signal y (t) and X (f) is the FFT of the reference signal x (t). In Eq. (1), it can be seen that Y (f) will always be the input signal X (f) multiplied by the transfer function H (f), for every X (f). We can imagine that the transfer function H (f) is the object that is modifying the source signal X (f). In this paper, the transfer function will be estimated between the structure's response at a measuring point x (t) relative to a reference response r (t) assuming that the response x ( t) represents the input force that is related to the response r (t) by the transfer function In this case, the transfer function represents a relation between the structure's responses at two different measuring points x and r Let Txr, (f) denote the TFE which relates a response x (t) to a reference response r (t). Since every channel will be used as a reference for other channels, Trx (f)will represent the TFE which relates a response r (t) to a reference response x (t). The relative TFE betweenx and r can then be defined as: R (f) represents the relative movement (response) between x and r in the frequency domain. If equal forces arc used to excite the undamaged structure a number of times, then it is assumed that the same relative response, Rxr (f), will be obtained each time. on the other hand, if damage occurs at (or near) the location ofx or r (or both), then the value of R, (f) will in turn change. The absolute difference in absolute value ofRxr(f) before and after damage can then be defined as:
where the asterisk denotes the damaged structure. When the change in relative TFE, (f), is measured at different frequencies on the measurement range from f1 to fn, a matrix [Dr] can be formulated as (5) where n represents the number of measuring points and r represents the number of reference channel. In matrix [Dr] , every column represents the changes in Dxr (f) at different measuring channels but at the same frequency value. Each measuring charnel will be used as a reference for the other channels (r=1:n). Therefore, the matrix [Dr] will be formulated n different times (3D matrix). The total change in the relative TFE in the frequency range of f1 tofm can be estimated from the sum of rows of matrix [Dr] as:
where f=fl:fm and r=l:n. The sum of the changes in the relative TFE over different frequencies using different references can be used as the indicator of damage occurrence. In other words, the first damage indicator is calculated from the sum of {STr} over different references as:
This indicator is used to detect the occurrence of damage and monitor the growth in damage; however it was found to be a weak indicator of damage localization. A number of statistical decision making approaches will be employed to determine the location of damage. The first step in this procedure is the selection of the maximum change in relative TFE at each frequency line (the maximum value in each column of matrix [Dr] ) and discarding all other changes in relative TFE measured at other nodes. 
Railway steel bridge: description and experimental setup
The experimental work in this research was performed on a railway steel bridge that is no longer in service . The bridge was removed from its service location several years ago and is now supported on two wooden blocks, as shown in Fig. 1 . The bridge consists of two steel plate girders and two steel stringers support the train rails. Loads from the stringers are transferred to the plate girders by floor beams located at various intervals. The bridge dimensions and layout are shown in Fig. 2 .
The multi-layer piezoelectric actuator was used for local excitation. The actuator force amplitude was 200 N. Although this force amplitude seems to be very small compared to the shaker force or ambient vibration, it was enough to excite the web of the main girder at the position of the farthest accelerometer. Two actuators were used for exciting the web of the main girder in the horizontal direction . The actuators were located at the upper part on the web of the main girder (Fig 2) . The excitation forces used for the undamaged and damaged structure are random, equal in amplitude and have the same vibration waveform but the excitation force does not need to be measured The main advantages of using piezoelectric actuators than using conventional excitation methods such as dynamic shakers , or ambient vibration can be summarized as follows: -Actuator size is very small and can be handled easily . Therefore, it can be fixed to any structural element and remotely operated for continuous health monitoring of the structure. -The traffic over the bridge does not need to be interrupted as the case of using dynamic shakers. -Piezoelectric actuator can excite the stucture at high frequencies , typically 1-900 Hz, thus activating the higher modes of the structure.
-Large numbers of vibration data can be recorded in a short time as the sampling rate in the case of using actuator can reach 2 kHz. -The same excitation force (equal magnitude and the same waveform) can be produced for exciting both the undamaged and damaged structure, which is needed for applying damage identification technique studied in this paper.
-Undesired vibrations induced from wind , traffic or any other source can be avoided since the vibration data induced from the actuators can be generated at any desired time. the signal (acceleration data) is divided into overlapping sections (50% overlap) of the specified window length (256) and windows each section using the Harming window function. In such case, the TFE can be measured at 129 frequency lines in the frequency range of 1-800 Hz (frequency step=800*2/256). TFE at channel 5 using the response at channel 8 as a reference (T5-8) and TFE at channel 8 using the response at channel 5 as a reference (T8-5) for the undamaged structure are shown in Fig 3 (a) . The area between the two curves represents the relative TFE between channel 5 and 8 (R5-8), as estimated from Eq. (3). The absolute values of R5-8 are shown in Fig. 3 (b) . Similarly for the damaged structure, T*5-8 T*8-5 are shown in Fig. 4 (a) and the absolute values of R*5-8 is shown in Fig. 4 (b) . The change in the relative TFE at channel 5 due to the removal of one bolt from the stiffener near this channel can be observed by comparing Figs Although the values at the measuring channels are discrete, it was decided to use continuous line to connect them instead of using bars in order to enhance the visualization of the results. In Fig. 6 (a) , the maximum reading is indicated accurately at channel 5 using various reference channels (except channel 5). However, the accuracy of detecting the damage at channel 5 depends slightly on the used reference. It should be noted that when one channel is used as a reference, it cannot be used to detect the damage at its location at the same time. For example, the reading at channel 7 at the reference number 7 equal 0. This is simply because Rxx=R*xx=0(Eq. (3)) and hence Dxx=0(Eq. (4)). Therefore, when the channel near the damage location is used as a reference, it will always produce false positive readings at other channels. Thus, damage at one location can be predicted using at most (n-1) references. {SLr} is used to estimate the total number of frequency lines at which damage is detected In this study, the total frequency range from 1-800 Hz is divided to 129 lines (see This threshold level can be considered as a discriminating level. If this acceptance criterion is placed at a too high level (threshold=1.5), some damages will be unrevealed. At a proper level (threshold=1), clear discrimination will result. If the acceptance criterion is too low (threshold=0.5), several false alarms will result. Therefore, an adequate level must be determined allowing clear discrimination. In this study, using a threshold level equal 1.0 for the test structure and its FEM has yielded the most accurate results. However, the best threshold level for a different structure in different circumstances may differ depending on many factors such as the type of the structure, level of noise, experimental variations, environmental changes, damage location and damage size. In order to generalize the threshold level approach based on the proposed method, the effect of these factors on more sophisticated structures needs to be studied Using an accurate FEM of the structure to investigate several scenarios of damage, the effect of noise and the effect of environmental changes can be a useful tool to accurately using all the references. Damage indicator SLN has shown the least accurate results and some false positive readings appeared at channel 4 at references number 3, 6 and 8. If damage location is predicted at one channel using all the references (except the same channel), then the identified damage locations using this channel as a reference should be ignored.
Removing two bolts near channel 5
The amount of damage increased in this case by removing one more bolt from the top of the right stiffener (Fig. 2) . Damage identification results are shown in Fig. 7 . Similar results are obtained in this case compared to the results of the previous case (removing one bolt) and can be summarized as follows: -Damage indicator SM indicated the damage location at channel 5 more clearly than the previous case of damage as the indicator values at channel 5 increased and the values at the undamaged locations decreased -The number of frequency lines at which damage is detected accurately at channel 5 increased significantly in this case as determined by the damage indicator SL. Damage is detected at the correct location at approximately 100 frequency lines out of 129 frequency lines (Fig. 7 (b) ), achieving one of the most important objectives of any damage identification algorithms which is to ascertain with confidence if damage is present or not -Normalized damage indicator STN , SMN and SLN identified damage location at channel 5 using all the references without any false positive readings (Figs. 7 (c), (d), and (e) ). -Damage location is identified accurately using various damage indicators regardless of the location of the reference channel. As discussed previously, damage indicator SST (Eq. (7)) will be used to detect the occurrence of damage and monitor the increase in damage. Therefore, it is important to define a threshold of the total change in TFE that classifies the changes in TFE due to noise,
•\ 69•\ In this study, the estimated threshold is based only on changes due to noise or measurement errors. However, in order to determine a more practical threshold, more data are needed to account for the changes in TFE caused by changes in temperature over different seasons or from operational loads. When the first level of damage was introduced to the bridge, the values of SST increased at most of channels to around 1000 dB and increased at the damage location to around 1500dB, exceediz the threshold limit at all channels. The increase in SST at the undamaged locations is due to the fact that damage at one location changes the response, and hence TFE data, significantly at the close sensors locations and slightly at the more far sensors.
Since a serious damage to a structure is usually the result of the growth of less serious damage, it is important to have the ability to measure the growth in damage. We need to be able to monitor this growth for the purpose of bridge maintenance. The resulting damage indicator values of the damage indicator SST for four levels of actual damage removing one to four bolts are shown Fig. 8 and indicated by the legends 1 Bolt through 4 Bolts, respectively. It is clearly indicated in this figure how the values of SST increase with increase in the damage level. Unfortunately, the damage severity cannot be identified quantitatively. However, for the same damage locations but different levels of damage compared with Fig. 8 , the amplitude levels are higher The problem of detection of location of a number of faults in a component simultaneously is much more involved and complex than the case of a single crack. In the present damage case, equal amounts of damage were introduced to the two stiffeners located on the web of the main girder (Fig. 2) . Channel 5 is located 15cm from the centerline of the first damaged stiffener while channel 3, the nearest sensor to the second damage location, is located 53cm from the centerline of the second damaged stiffener. As explained previously, the maximum change at each frequency line will be selected (the maximum value in each column in Eq. (5)) which indicates damage at this node. Therefore, dam age is usually detected at only one location at each frequency line unless the same maximum value exists at more than one node which rarely occurs. However, the maximum change at another frequency line may indicate the damage at the second location. Moreover, using multiple reference channels can be useful in this case; as one reference may give accurate results in detecting the damage at one location while another reference may detect the damage at the second location This underlines the importance of using all the frequency lines in the total measurement range as well as using each measuring channel as a 
Numerical data
The finite element model of the bridge is created using Structural Analysis Program, SAP200016). Main girders and cross beams are simulated by shell elements (Fig. 11 ). The FE model contains 1878 shell elements and 10508 active degrees of fieedom. The weight density of steel is assumed to be 77kN/m3 and the modulus of elasticity of steel is assumed to be 206GPa. Acceleration response in the horizontal direction is measured at eight nodes (N1-N8), as shown in Fig 12. 20-second time histories were collected at 0.000625 second increments, producing 32000 time points to simulate the experimental data The main objective of using the numerical data is to assess different effects rather than noise or measurement errors on the accuracy of the obtained results from the studied damage identification method. Moreover, the numerical model can be used to evaluate the performance of the damage identification method to detect different -Both methods can use the structure response in the frequency domain in the total measured frequency range.
•\ 72•\ each location versus the reference channel that is used to estimate the TFE data In this case, the predicted damage location may be detected (n-1) times which increase the confidence of detecting damage at various locations.
Conclusions
This paper presents a novelty detection technique for structural damage diagnosis, using TFE data. TFE is calculated from the acceleration response at every channel relative to a reference channel and every channel is used as a reference to other channels to create a large number of information. Moreover,TFE magnitude at each frequency value is used in the proposed method. This accumulated 
